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Abstract 8 
Three anaerobic ponds used to store and treat piggery wastes were fully covered with permeable 9 
materials manufactured from polypropylene geofabric, polyethylene shade cloth and supported straw.  10 
The covers were assessed in terms of efficacy in reducing odour emission rates over a 40-month period.  11 
Odour samples were collected from the surface of the covers, the surface of the exposed liquor and from 12 
the surface of an uncovered (control) pond at one of the piggeries.   13 
Relative to the emission rate of the exposed liquor at each pond, the polypropylene, shade cloth and 14 
straw covers reduced average emission rates by 76%, 69% and 66% respectively.  At the piggery with an 15 
uncovered control pond, the polypropylene covers reduced average odour emission rates by 50% and 41% 16 
respectively.  A plausible hypothesis, consistent with likely mechanisms for the odour reduction and the 17 
olfactometric method used to quantifying the efficacy of the covers, is offered.  18 
Keywords:  odour; permeable; pond; cover; lagoon; anaerobic; geofabric; straw. 19 
1. Introduction 1 
Our previous publication identified a number of criteria that could be used when 2 
evaluating potential solutions to odour problems.  These included requirements for: low 3 
capital cost, easy installation, minimal management, limited maintenance, and efficient 4 
and consistent odour control over the life of the equipment.  In addition, the control 5 
equipment would be compatible with existing waste management practices and 6 
equipment, minimising redundancy of existing infrastructure (Hudson et al., 2006a).   7 
In Australia, most piggeries comprise naturally ventilated, slatted floor housing.  8 
Piggery waste is treated in one or more open storage or stabilisation ponds.  Typically, 9 
supernatant liquor is recovered from one of the ponds and used to periodically flush the 10 
housing system, conveying urine, faecal matter and spilt feed and water to an anaerobic 11 
pond.  Australian research demonstrated that up to 80% of odour emissions arose from 12 
the treatment ponds (Schulz and Lim, 1993; Dalton et al., 1997; Smith et al., 1999).  It 13 
is therefore essential to minimise odour emissions from waste treatment ponds 14 
specifically if odour impacts are to be reduced.   15 
We previously demonstrated that under laboratory conditions, supported biological 16 
covers reduced odour emissions from anaerobic liquor by an average of 84% relative to 17 
uncovered liquor surfaces (Hudson et al., 2006a).  Subsequent field investigations 18 
demonstrated that supported biological covers reduced emissions from anaerobic liquor 19 
five to eight times relative to the uncovered pond surface (Hudson et al., 2006b).  20 
Similar reduction in odour emission was demonstrated for a spun-fibre polypropylene 21 
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fabric cover.  The efficacy of reduction in odour emission was unchanged over a 10-1 
month period.  Although these results were promising, it was anticipated that adoption 2 
of this technology would be limited by a number of issues revealed during the trial: 3 
1. The long-term efficacy of odour reduction under full scale field conditions 4 
remained unknown. 5 
2. The covers did not totally enclose the surface of the waste treatment pond.  6 
The potential existed that the cover was not subject to the total potential 7 
“odour load” – odorants could be accumulating in the liquor under the 8 
covers, to be emitted from the uncovered surface adjacent to the covers.   9 
3. The likely life expectancy of the various covers trialled could not be 10 
predicted from a study that lasted only a few months. 11 
4. Rapid accumulation of ammonia-N and reduced sulphur compounds (as 12 
sulphide) in the liquor was observed during the laboratory-scale trials.  13 
Accumulation of these substances may have indicated impairment of 14 
anaerobic waste treatment processes.   15 
5. Increases in the concentration of these substances indicated that odorants 16 
were probably accumulating in the liquor.  The potential existed for 17 
subsequent release, such as during shed flushing or application of the liquor 18 
to land.   19 
Our previous work summarised most of the earlier assessments of permeable pond 20 
covers for odour control (Hudson et al., 2006a; Hudson et al., 2006b).  The review that 21 
follows focuses on more recent assessments where odour emissions were quantified 22 
during evaluation of either straw or geotextile covers for odour control. 23 
1.1. Straw based covers 1 
Relatively few field trials have been conducted to assess the efficacy of permeable 2 
pond covers in reducing odour emission rate.  Clanton et al. (1999) performed large 3 
scale laboratory trials of unsupported straw covers over a 60 day period.  The straw 4 
cover reduced the odour emission immediately by 60% and by up to 78% three weeks 5 
later.  The trial could not be continued because the unsupported cover sank. 6 
In a subsequent trial, Clanton et al. (2001) used straw as a surface layer on a 7 
geotextile fabric base.  Over a 10-week study period, odour emissions were reduced by 8 
47 and 79% for 100 and 300 mm thick layers of straw respectively.  The small 9 
“anaerobic waste volume” to “cover thickness” ratio caused by the experimental 10 
facilities selected for the trial may have caused under-loading of the cover with regard 11 
to odour.   12 
Cicek et al. (2004) undertook a short-duration assessment of the efficacy of an 13 
unsupported straw cover.  An entire pond was covered with a straw layer (thickness 14 
unspecified).  Odour samples were collected from the surface of this pond and a similar 15 
uncovered pond on a neighbouring farm.  Three sets of samples were collected over a 16 
10-day period using a wind tunnel of the type developed at the University of New South 17 
Wales (Jiang et al., 1995).  These were analysed using dynamic olfactometry.  Although 18 
emission rates were not calculated, it was possible to compare the odour concentration 19 
of the samples because the wind tunnel was operated under standardised conditions.  20 
The straw cover reduced the odour concentration by an average 31% over the three 21 
sample days.   22 
Hudson et al. (2006a; 2006b) assessed supported straw covers under laboratory and 1 
field conditions.  Under laboratory conditions supported straw covers reduced odour 2 
emissions by 84%.  Under field conditions, very consistent performance was observed, 3 
with odour emission rates reduced by 87% to 90% over a ten-month period.  These 4 
supported straw covers did not, however enclose the entire surface of the treatment 5 
pond. 6 
1.2. Geofabric based covers 7 
Little information has been published regarding the performance of geofabric-8 
based covers either.  Clanton et al. (1999) evaluated a 0.3 mm geotextile cover on a 9 
series of 7,500 L tanks containing pig manure.  Following an assessment period of 10 
approximately three weeks, it was concluded that a geotextile cover reduced odour by 11 
about 59%. 12 
In a subsequent investigation Clanton et al. (2001) investigated the efficacy of 13 
three thicknesses of geofabric in reducing odour emissions.  Over a ten-week 14 
assessment period, 0.3, 1.1 and 2.4 mm thick geofabrics provided -22%, -4% and 39% 15 
odour reduction respectively. 16 
Dobson et al. (2002) assessed the efficacy of a composite permeable cover based 17 
on geofabric.  The cover was a commercial product called Biocap™.  Odour reduction 18 
was assessed using field odour assessment techniques, so actual odour emission rates 19 
were not reported.  The number of field observations reported as “below the detection 20 
threshold” was 84% for the covered pond, while it was 30% for an uncovered control 21 
pond.  The frequency of detection of objectionable odour near the covered pond was 22 
16%, while it was 70% at the uncovered control.   23 
Bicudo et al. (2004) conducted a two year evaluation of a commercial permeable 1 
cover (Biocap™).  The trial took place at full scale at three pig farms.  At each farm, 2 
one treatment pond was covered completely, while another pond was left uncovered as a 3 
control.  About 200 odour samples were collected from either the pond or cover 4 
surfaces over the trial period using a UNSW-style wind tunnel.  Olfactometry was 5 
performed according to the CEN standard (1999), upon which the Australian 6 
olfactometry standard is based (Standards Australia and Standards New Zealand, 2001).  7 
Odour emission rates from the covered ponds were reduced by between 15 and 76% 8 
over the trial period, with an overall average reduction of 51%.  It was observed that the 9 
performance of the cover deteriorated in the second year of the trial relative to the first 10 
year.  Deterioration in cover performance was speculatively attributed to 11 
“environmental factors and chemical reactions occurring within the geotextile”.   12 
In contrast to these inconsistent results, Hudson et al (2006b) observed an average 13 
90% reduction in odour emission by a small test geotextile cover.  The geofabric cover 14 
also appeared to offer very consistent odour reduction over the entire 10 month 15 
evaluation period.  The cover did not however enclose the entire treatment pond surface. 16 
The limited material published to date provides the following general information 17 
regarding the performance of permeable covers for odour reduction: 18 
1. Straw covers reduced odour emissions by between 31% and 90%;  19 
2. The performance of straw covers was dependent on keeping the cover 20 
above the liquor surface; 21 
3. Buoyancy or support was essential if long-term odour reduction or 22 
consistent performance was required; 23 
4. The performance of geotextile-based permeable covers appeared quite 1 
variable (-22% to 90% odour reduction), with no clear identification of 2 
causative factors. 3 
Odour-creating operations, such as intensive livestock industries, are under 4 
pressure to reduce the impact of their activities on local communities.  Relatively low 5 
cost technologies such as permeable covers may appear attractive to facility operators 6 
and regulatory agencies.  While these covers may have the potential to reduce emissions 7 
from pond treatment systems, the information published to date does not describe the 8 
likely performance adequately or provide convincing explanations regarding the 9 
mechanisms whereby these covers reduce odour emissions.  Our paper describes the 10 
performance of both supported straw and geotextile based permeable covers under full 11 
scale field conditions over a three-year period.  A significant number of odour samples 12 
were collected using well established and repeatable procedures to demonstrate the 13 
efficacy of supported permeable covers at three, fully covered ponds treating piggery 14 
wastes.  From our work it is possible to describe the performance of this odour 15 
management strategy more fully.  In addition, credible explanations can be proposed to 16 
describe the mechanisms whereby odour emissions are reduced. 17 
2. Materials and methods 18 
2.1. Estimation of waste loading rates 19 
The spreadsheet model PIGBAL (Casey et al.  1999) was used to estimate pond 20 
loading rates.  Utilising typical metabolic factors for pigs, feed composition and 21 
measured feed and water usage values, the model provided realistic estimates of waste 22 
production for typical Australian piggeries (McGahan et al., 2000).  Waste outputs are 23 
typically generated as mass of volatile solids /m
3
 active pond volume /day (mass 1 
VS/m
3
/day). 2 
2.2. Field trial facilities 3 
Trials were undertaken at three different piggeries.  Piggery A was a small piggery 4 
housing approximately 80 boars, kept for harvesting semen for the artificial 5 
insemination market.  The animals were housed in a single, slat-floored building.  Waste 6 
was flushed from the building weekly using pond liquor sourced from a second, wet 7 
weather storage pond located on the property.  Hosing of the pens and laneways 8 
occurred every second day.  The waste was discharged directly into a small primary 9 
pond, measuring approximately 17 m x 9 m with a storage volume of 210 m
3
.  The 10 
waste loading rate was estimated to be about 130 g VS/m
3
/day. 11 
Piggery B was operated as a grow-out facility.  Weaners were received at eight 12 
weeks age and exited at about 23 weeks of age.  The average herd size of about 1,300 13 
animals was housed in three separate buildings.  The liquor used for flushing the sheds 14 
was derived from a single 9,200 m
3
 anaerobic pond, into which the waste derived from 15 
the sheds was discharged approximately daily.  The waste loading rate was estimated to 16 
be about 80 g VS/m
3
/day. 17 
Piggery C was operated as breeder-grow out unit, with one third of the pigs born 18 
on site raised until sent to market and the remainder sent off-site for finishing.  Animals 19 
were housed in nine fully slatted sheds.  All flushing and hosing water was derived from 20 
municipal supply.  Hosing occurred every second day, while flushing took place 21 
weekly.  Approximately 2,400 animals were housed on site at any time.  Waste was 22 
discharged to a pipeline that contained a splitter box.  This diverted approximately half 23 
of the waste load and volume to two similarly sized anaerobic ponds (40 m x 35 m).  1 
Excess liquor discharged from each pond into a single secondary pond.  Each primary 2 
pond experienced a waste loading rate of about 50 g VS/m
3
/day.  The parallel 3 
configuration of the two anaerobic ponds was very fortuitous – it allowed one pond to 4 
be covered and the other to be left uncovered as a control. 5 
2.3. Permeable pond covers 6 
Two types of permeable pond cover were trialled – polypropylene geofabric and 7 
supported straw.  The polypropylene geofabric cover was manufactured from a non-8 
woven, spun-fibre, needle punched polypropylene material.  Typical specifications for 9 
the felt-like material were 55 g/m
2
 density, 4.4 mm thickness and a specific gravity of 10 
about 0.9.  The fabric was supplied commercially as a 4 m x 60 m roll.  Lengths of 11 
fabric were sewn together to create a series of discrete pond cover units.  Experience 12 
indicated that units larger than 400 m
2
 were too heavy to manoeuvre with available 13 
resources.  Each cover unit was manufactured to provide “pockets” running the length 14 
of the cover at about 2 m centres and across the breadth of the cover at about 4 m 15 
centres.  Polystyrene blocks (100 mm x 75 mm x 2000 mm) wrapped in waterproof 16 
material were inserted into these pockets to provide buoyancy.  Previous experience 17 
with smaller cover units showed that this buoyancy was essential to ensure that the 18 
covers would not sink.  This was especially important along the cover margins. 19 
In a typical installation, the individual cover units were unrolled along the pond 20 
margin, the buoyancy was inserted into the pockets, and the cover unit moved out on to 21 
the pond.  The process was repeated for each unit in succession.  Once all the units were 22 
deployed, the fabric was attached to steel pickets around the pond perimeter. 23 
The supported straw cover was manufactured using similar materials to those 1 
described previously (Hudson et al., 2006b).  In the initial deployment, the barley straw 2 
was manually applied to the supporting surface.  Subsequent replenishment of the straw 3 
layer made use of a mechanical shredder coupled to a blower unit.  Bales of straw were 4 
manually fed into the shredder and the resulting chopped straw was blown onto the 5 
cover to create a cover with a depth of about 100 mm.  This technique could cover a 6 
pond about 60 m wide under calm conditions. 7 
The pond at piggery A (pond A) was covered completely using a polypropylene 8 
geofabric cover.  Approximately one-third of the surface of the pond at piggery B (pond 9 
B) was covered with a supported straw cover, while the remaining two thirds of the 10 
surface was covered with a polypropylene cover.  One of the ponds at piggery C (pond 11 
C, covered) was completely covered with a polypropylene cover.  The other pond at 12 
piggery C (pond C, control), was left uncovered as a control. 13 
2.4. Modification in response to ultraviolet radiation damage to covers 14 
Intense sunlight caused obvious damage to the polypropylene geofabric within a 12 15 
month period following deployment.  Where the cover was damp, damage did not 16 
occur.  This was attributed to the biomass that accumulated on the surface of the cover, 17 
providing protection from ultraviolet radiation.  In areas where the cover fabric was dry 18 
(e.g. along the ribs created by the buoyancy material), thinning of the fabric occurred, 19 
followed by the appearance of holes and finally, complete disappearance of the fabric.  20 
To overcome this problem, the entire polypropylene cover was overlain by a 21 
polyethylene shade cloth (obtained from Gale Pacific as the “Coolaroo” brand product 22 
“Extra Heavy [84-90%] UV Block Shadecloth”).  The shade cloth was deployed in the 23 
same manner as the polypropylene fabric.  Additional buoyancy was not required 1 
however – the shade cloth was fully supported by the polypropylene layer.  This 2 
arrested further deterioration of the polypropylene cover. 3 
2.5. Odour sample collection 4 
To asses the impact on odour emission, it was necessary to determine the odour 5 
emission rate for each surface.  A wind tunnel constructed according to Jiang et al. 6 
(1995; 2001) was used for this purpose.  The operation of the wind tunnel was 7 
previously described (Hudson et al., 2006b; Hudson et al., 2007).   8 
In our previous trials, it was possible to suspend a wind tunnel from a gantry 9 
floating on two pontoons (Hudson et al., 2006b).  This gantry was manoeuvred above 10 
the supported cover, the wind tunnel remotely lowered onto the pond cover and the 11 
samples collected.  With the surface of the ponds covered completely, it was not 12 
possible to use this method.  A cableway was created across each pond, from which the 13 
wind tunnel and accompanying air supply and sample lines were suspended.  The wind 14 
tunnel could in theory be positioned anywhere along the cableway transect.  Typically 15 
samples were collected 12 m to 15 m from the pond margin.  Once in position, the wind 16 
tunnel could be raised or lowered using remotely operated winch motors.  This ensured 17 
that the wind tunnel achieved a good seal on the emitting surface without submerging 18 
the cover excessively.  Absence of leakage at the interface between the wind tunnel and 19 
the emitting surface was assessed by measuring the air flow entering and exiting the 20 
wind tunnel using a hot-wire anemometer.  A difference in airflow at these points 21 
indicated a leak and the necessary adjustments were made.  All odour samples were 22 
collected using previously described materials and  methods (Hudson et al., 2006b; 23 
Hudson et al., 2007).  Samples were stored in the shade until transported to the 1 
olfactometry laboratory for assessment.  Samples were collected from all emitting 2 
surfaces on each sampling occasion in duplicate. 3 
2.6. Odour sample collection points 4 
To assess the efficacy of the pond covers, it was necessary to collect odour samples 5 
from the surface of the cover, as well as from the liquor beneath the cover.  At each 6 
pond, a “window” was created in the surface of the polypropylene-shade cloth surface 7 
to allow access to the liquor.  The dimensions of the windows were approximately 2000 8 
mm x 900 mm.  These windows were usually covered by a flap of shade cloth.  This 9 
flap could be peeled back to expose the liquor surface.  A number of sample points were 10 
defined for each pond:   11 
At pond A, samples were collected from i) the surface of the combination 12 
polypropylene-shade cloth cover, ii) the surface of the shade cloth in contact with the 13 
liquor and iii) from the exposed liquor (total of three emitting surfaces). 14 
At pond B, samples were collected from i) the surface of the combination 15 
polypropylene-shade cloth cover, ii) from the surface of the supported straw cover, and 16 
iii) from the exposed liquor (total of three emitting surfaces). 17 
At pond C, samples were collected from i) the surface of the combination 18 
polypropylene-shade cloth cover, ii) the surface of the shade cloth in contact with the 19 
liquor, iii) from the exposed liquor of the covered pond, and iv) from the surface of the 20 
control pond (total of four emitting surfaces). 21 
In all tables and charts, the data arising from each odour source is identified by the 22 
following abbreviations:  23 
 PP refers to the polypropylene-shade cloth cover surface; 1 
 S refers to the shade cloth-only cover surface; 2 
 SW refers to the supported straw cover;  3 
 L refers to the exposed liquor surface, and 4 
 Lcon refers to the liquor surface for the control pond (pond C only). 5 
2.7. Odour sample assessment 6 
Odour concentrations were determined using an eight-panellist, triangular, forced-7 
choice dynamic olfactometer constructed and operated in compliance with the 8 
requirements of the Australian/New Zealand Standard for Dynamic Olfactometry 9 
(Standards Australia and Standards New Zealand, 2001).  This Standard was largely 10 
based on European Standard EN 13725 (CEN, 1999).  Standard operating details were 11 
described previously (Hudson et al., 2006a; Hudson et al., 2007).  Odour concentrations 12 
were reported as odour units/m
3
 (OU/m
3
).  Odour emission rates (OER or E) were 13 
calculated using Eq. (1) and expressed in OU/m
2
 s: 14 
s
t
t
A
A
CVE   (1) 15 
where C is the odour concentration in the sample bag (OU/m
3
), Vt is the wind 16 
speed inside the tunnel (m/s), At is the cross sectional area of the tunnel (m
2
), and As is 17 
the surface area covered by the tunnel (m
2
).   18 
Eq. (1) assumes that all background odour is removed from the air introduced into 19 
the wind tunnel by the carbon filter, and there is complete mixing between the 20 
emissions and the airflow in the tunnel (Smith and Kelly, 1996). 21 
2.8. Calculation of odour reduction efficiency 1 
For pond A and pond B, the performance of the pond covers was calculated as a 2 
“relative” reduction in odour emission rate, using the odour emission rate measured 3 
from the various cover types and from the exposed liquor normally enclosed by the 4 
cover [Eq. (2)]: 5 
%100
OERliquor  Exposed
OERcover  Pond
100reductionPercent  (2) 6 
For pond C, the performance of the pond covers was calculated as a “relative” 7 
reduction in odour emission rate as above using Eq. (2), or as an “absolute” measure of 8 
odour reduction [Eq. (3)]: 9 
%100
OERliquor  pond control Uncovered
OERcover  Pond
100reductionPercent  (3) 10 
2.9. Statistical and graphical analysis 11 
The statistical software package Genstat (Lawes Agricultural Trust, 2005) was 12 
used to prepare box-and-whisker plots according to the method of Tukey (1977).  In 13 
these plots, the box spans the interquartile range of the values in the variate, with a line 14 
within the box indicating the median.  Whiskers extend beyond the ends of the box as 15 
far as the fifth and ninety-fifth percentiles.  If several variates are input into the 16 
software, a box is drawn for each of them using the same scale.  The plots allow for 17 
quick comparison of sets of data derived from different sources.  In general, if the boxes 18 
overlap, formal significance testing confirms that the data sets are not significantly 19 
different.  Standard procedures in Genstat were used to generate summary statistics and 20 
prepare line graphs and analysis of variance. 21 
3. Results and discussion 1 
Odour emission data derived from all ponds and surfaces at the three trial sites over 2 
the assessment period was summarised in Table 1 to Table 3.  The data for each trial site 3 
were also summarised as a box and whisker plot in Figure 1 and as a series of time 4 
series plots in Figure 2.  The efficacy of odour removal of each cover type was 5 
summarised as Table 4.   6 
3.1. Efficacy of odour reduction - pond A 7 
At pond A it was only possible to evaluate the odour reducing efficacy as an 8 
internal comparison, where the cover emission rates were compared with that of the 9 
exposed liquor surface of the same pond.  The average reduction in odour emission rate 10 
over the entire trial period was 77% for the polypropylene-shade cloth cover and 65% 11 
for the shade cloth-only cover.  Reduction in median emission rates for these covers 12 
were 87% and 66% respectively.   13 
Considerable variability in emission rate was observed from all surfaces over the 14 
trial period.  There was however no trend indicating deterioration in cover performance 15 
over the trial – the OER of the polypropylene-shade cloth cover was consistently lower 16 
than that of the exposed liquor.  ANOVA testing indicated a significant difference 17 
between the odour emission rates of the exposed liquor and both the polypropylene-18 
shade cloth cover and the shade cloth cover at the 5% level.  There was no significant 19 
difference in OER between the two cover types at the 5% level. 20 
3.2. Efficacy of odour reduction - pond B 1 
The average relative odour reduction provided by the polypropylene-shade cloth 2 
cover at this pond was 76%, while the median value was 82%.  These results were very 3 
similar to those observed using a similar cover at pond A.  The supported straw cover 4 
also provided good odour reduction.  Average and median odour reduction relative to 5 
the uncovered liquor was 66% and 59% respectively.  These values were very similar to 6 
those measured for the shade cloth cover at pond A.  During our previous investigations 7 
of supported straw covers we observed quite rapid deterioration and thinning of the 8 
straw layer from 100 mm to about 20 mm within a 12-month period (Hudson et al., 9 
2006b).  Similar deterioration was observed for the larger straw cover used in this trial.  10 
Comparison of emission rates measured in the first four months of the trial period with 11 
those measured in the last four months of the trial period indicated that an increase in 12 
emission rate took place over this period (average emission rate increased from 12.5 to 13 
45.3 OU/m
2
 s, p 0.037).  Despite the deterioration in cover thickness however, the odour 14 
emission rates measured from the straw surface remained lower than those measured 15 
from the liquor surface, indicating consistent reduction in odour emission rate by the 16 
straw cover surface.   17 
ANOVA testing indicated a significant difference between the odour emission 18 
rates of the exposed liquor and both the polypropylene-shade cloth cover and the 19 
supported straw cover at the 5% level.  There was however, no significant difference in 20 
OER between the two cover types at the 5% level. 21 
The reduction in odour emission rate by the supported straw cover was not as good 22 
as that reported in our earlier study (Hudson et al., 2006b).  Previously, odour emission 23 
rates were reduced by between about 79 and 83% relative to the liquor.  The apparently 24 
inferior performance of the supported straw cover in the current study could be 1 
explained in terms of the changes caused by complete coverage of the pond.  2 
Previously, average odour emission rates for the partially covered pond liquor were 3 
about 14 OU/m
2
 s.  In the current trial, however, this value increased four-fold to about 4 
57 OU/m
2
 s.  The increased liquor odorant concentration obviously raised the potential 5 
for odour emission, which was observed as a reduction in cover performance. 6 
Previously we reported difficulties in achieving a good seal between the uneven 7 
straw surface and the wind tunnel base (Hudson et al., 2006b).  We overcame the 8 
problem by employing a semi-detached polymer “skirt” and weighted frame.  In the 9 
current study however, it was not feasible to utilise this system.  A shorter, more rigid 10 
skirt constructed from a sheet of PVC was attached directly to the wind tunnel base.  It 11 
provided a relatively flat, extended base to the wind tunnel, extending out from the 12 
perimeter by 400 mm.  While it provided a greater area for contact between the wind 13 
tunnel and the straw, it was observed to bend and deform in response to the uneven 14 
straw surface.  The seal was not as good as that obtained previously.  To achieve a good 15 
seal, there was a tendency to lower the wind tunnel excessively on the straw surface, 16 
partially submerging it at times.  Liquor could then permeate through the cover and 17 
increase the measured emission rate.  The reported efficacy of the supported straw cover 18 
should therefore be regarded as conservative, worst-case performance.   19 
3.3. Efficacy of odour reduction - pond C 20 
The paired measurements made on two ponds at this site allow both within-pond 21 
(relative) assessment and between-pond (absolute) assessment.  Both ponds experienced 22 
relatively light waste loading rates over the trial period.  This was verified by the 1 
generally low odour emission rates measured from the control pond.   2 
The within-pond assessment indicated that the polypropylene-shade cloth cover 3 
reduced average and median odour emissions relative to the exposed liquor by about 4 
77% and 84% respectively.  The shade cloth-only cover reduced mean and median 5 
odour emission rates by 73% and 68% respectively.  These results were very similar to 6 
those observed for the other two trial sites.  Figure 2 indicated that the performance of 7 
the covers was very consistent over the entire trial period, with no evidence of 8 
deterioration in cover performance.   9 
Comparison of odour emission rate results for the covered pond and the uncovered 10 
control pond indicated that a polypropylene-shade cloth cover reduced the average and 11 
median odour emission rate by 50% and 62% respectively.  The shade cloth-only cover 12 
reduced average and median odour emission rates by 41% and 26% respectively over 13 
the same period.  Emission rates measured off the exposed liquor confirmed that 14 
odorants accumulated in the liquor beneath the permeable cover.  The average and 15 
median odour emission rates of the covered liquor were 121% and 134% greater than 16 
those of the uncovered control. 17 
ANOVA testing indicated a significant difference between the odour emission 18 
rates of the control pond liquor and those of the temporarily exposed liquor of the 19 
covered pond, the polypropylene-shade cloth cover and the shade cloth cover at the 5% 20 
level.  There was no significant difference in OER between the two cover types and the 21 
exposed liquor of the covered pond at the 5% level. 22 
3.4. Performance of polypropylene-shade cloth permeable covers 1 
The long-term average performance of these covers was about 76% (using internal 2 
comparison) and 50% based on comparison with an adjacent, uncovered pond (Table 4).  3 
Although the efficacy of odour reduction based on relative performance was greater 4 
than about 75%, the performance was not as convincing when calculated relative to the 5 
emission rates of the uncovered control.  When making this judgement, however, it is 6 
important to consider the nature of olfactometric assessment.   7 
While olfactometry provides a quantitative estimate of odour concentration, it is 8 
based on a presence/absence test.  During each round of assessment, panel members are 9 
expected to identify one of three samples presented as different.  The nature of the 10 
odour is not considered during conventional odour assessment – it is the detection 11 
threshold that is determined.  Samples derived from the permeable pond covers have a 12 
measurable odour concentration.  Visual inspection of the cover helps explain why this 13 
should be.  The covers are damp, have an abundant supply of nutrients, adequate 14 
oxygen supply and are exposed to full sunlight.  Within days of deployment, the cover 15 
surface appears green, as a microbiological population colonises the surface.  After 16 
rainfall, shallow pools of rainwater form on the cover surface and become bright green 17 
in response to rapid changes in biomass numbers and composition.  Over time, 18 
generations of microfauna and flora grow and die, forming a black, sludge-like material 19 
on the cover surface.  During field sampling, the sample team occasionally assessed the 20 
odour arising from this material by sniffing the odour just above the cover surface.  The 21 
odour was not offensive.  It persistently presented as a sea-weed like odour, or was 22 
reminiscent of algae-covered rocks.  This background odour created by the biomass on 23 
the cover would obviously generate a response during the olfactometric process.  24 
During the odour sample collection, it was also possible for the sampling team to assess 1 
the air exhausted from the wind tunnel.  While the air exhausted from the tunnel when 2 
in contact with either covered or control liquor had a characteristic and highly offensive 3 
“piggery” odour, when in contact with the polypropylene-shade cloth cover, it was 4 
either difficult to detect an odour, or the odour was inoffensive.   5 
Though the olfactometry process did indicate that permeable pond covers reduce 6 
odour emissions, anecdotal observations by the sampling team suggest that their 7 
performance was greater than those results indicate.  Evidence of this was seen during 8 
deployment and partial removal of the covers.  It was noted that odour emissions were 9 
greatly reduced following cover installation, whilst ambient odour concentrations 10 
increased immediately following partial cover removal as odorants in the liquor came 11 
into contact with the atmosphere.  12 
Consideration of the growth of biomass on the pond cover and the nature of 13 
olfactometric assessment provides possible explanations for the apparent decline in 14 
performance observed by Bicudo et al. (2004).  It was possible that the absence of 15 
biomass on the cover during the first year of assessment may have produced a surface 16 
with emission rate characteristics similar to those of a new cover, or a partial cover not 17 
subject to the full odour “load” generated by the pond.  The latter circumstance would 18 
be similar to the situation described in our initial field-scale assessment (2006b).  One 19 
way to validate this hypothesis would be to measure the hedonic tone or offensiveness 20 
of the odour collected from the various surfaces.  We propose that the odour emitted by 21 
the pond covers may be significant in terms of concentration, but will not be nearly as 22 
offensive as that emitted by the open liquor surface.  The effective efficacy would be 23 
greater than the 50% reduction in odour concentration indicated by paired, between-24 
pond comparison.  Confirmation of this hypothesis would also support adoption of the 1 
technology by producers.   2 
3.5. Efficacy of shade cloth only covers 3 
The performance of the shade cloth-only covers was unexpectedly good (Table 4).  4 
Although the shade cloth was of the highest density available commercially, it has a 5 
relatively open weave.  Considerable care was necessary when deploying the wind 6 
tunnel on the shade cloth surface to avoid submerging the cover below the liquor.  In 7 
order to achieve an adequate seal between the wind tunnel base and the shade cloth 8 
surface, submergence of the cover around the edge of the wind tunnel was unavoidable.  9 
This caused some of the pond liquor to form a continuous pool above the surface of the 10 
cover around this margin.  The liquor was obviously odorous and the presence of a 11 
limited amount of liquor above the surface of the cover would be expected to raise the 12 
odour emission rate.  The shade cloth odour emission rates should therefore be regarded 13 
as worst-case results.  Despite this situation, the shade cloth appeared able to reduce 14 
odour emission rates by more than 60% relative to the exposed liquor surface. 15 
3.6. Mode of operation of permeable pond covers 16 
Bicudo et al. (2004) suggested that biofiltration within the permeable cover was the 17 
dominant odour removal process.  They linked apparent deterioration in cover 18 
performance with clogging of the geotextile and leakage of the odorous biogas from 19 
under the cover.  This hypothesis was not really consistent with their method for 20 
sampling the odour however; the wind tunnel was placed above the cover surface, not 21 
the edge of the cover where more odorous biogas could leak into the wind tunnel.  They 22 
did not report large bubbles of gas forming under the cover either, which would be 1 
evidence that the cover permeability was decreasing. 2 
We previously proposed that permeable covers reduced odour emissions through 3 
two mechanisms (Hudson et al., 2006a): 4 
1. As a physical barrier, obscuring the free liquor surface and hindering the 5 
exchange of volatile chemicals from the  underlying liquor to the 6 
atmosphere, and  7 
2. As a biofilter, where the microbiological population that colonised the 8 
cover surface utilised the volatile chemicals (including odorants) as an 9 
energy source, converting this material into biomass, carbon dioxide and 10 
water. 11 
Our observations caused us to favour the first mechanism as the dominant one.  12 
Following this long-term assessment, the physical barrier mechanism appeared 13 
consistent with and explains the immediate odour reduction that occurs when the cover 14 
is installed.  However, the biofiltration mechanism was also plausible.  Over the longer 15 
assessment period reported in this article, the field sampling team often observed quite 16 
significant ballooning of the cover surface following substantial gas ebullition.  These 17 
large bubbles of biogas were particularly noticeable in the early morning, but had 18 
usually disappeared by mid-morning.  The presumably odorous gas trapped in these 19 
bubbles diffused slowly through the cover surface into the atmosphere above the cover.  20 
Despite the relatively thin layer in which biofiltration could potentially occur, the slow 21 
gas flux would enable long residence times of odorous substances in the cover layer.  22 
This situation would favour odorant removal through biofiltration.  It is possible 23 
therefore, that permeable pond covers should be regarded as both physical barriers that 1 
minimise inter-phase transfer, and as biofilters with very shallow but large surface area 2 
beds.  We anticipate validating this hypothesis further by quantifying the concentrations 3 
of the specific odorants associated with either an open liquor surface or the permeable 4 
cover. 5 
4. Conclusions  6 
Permeable pond covers were shown to reduce odour emission rates from anaerobic 7 
pond systems treating piggery wastes by about 76% (polypropylene-shade cloth cover), 8 
69% (shade cloth only) and 66% (supported straw).  If the odour emission rate was 9 
compared to an uncovered control, the performance was lower (50% and 41% for 10 
polypropylene-shade cloth and shade cloth only covers respectively).  While these 11 
results were consistent with those reported previously, the performance of the covers 12 
over the period of assessment did not deteriorate as was observed previously.   13 
The performance of all the covers was probably better than that indicated by the 14 
odour emission rate values.  However, the olfactometry assessment procedure used was 15 
not able to account for the reduced offensiveness of the samples collected from the 16 
various cover surfaces.  A plausible mechanism that is capable of explaining how the 17 
permeable covers reduce odour emissions was suggested.  The mechanism proposed 18 
was also able to account for the poor performance reported by other researchers. 19 
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Table captions 1 
Table 1.  Emission rate characteristics of surfaces at pond A 2 
 3 
Statistic 
(n = 50) 
Odour emission rate (OU/m2 s) 
Liquor 
Polypropylene 
geofabric & 
polyethylene 
shade cloth 
cover 
Polyethylene 
shade cloth only 
 
Average 88.2 20.0 31.3 
Median 87.8 11.0 30.0 
Minimum 32.7 1.6 3.9 
Maximum 149.1 118.0 59.5 
Standard 
deviation 
35.4 26.5 16.8 
 4 
 5 
 6 
Table 2.  Emission rate characteristics of surfaces at pond B 7 
 8 
Statistic 
(n=32) 
Odour emission rate (OU/m2 s) 
Liquor 
Polypropylene 
geofabric & 
polyethylene 
shade cloth 
cover 
Supported straw 
cover 
 
Average 57.6 13.7 25.1 
Median 50.7 9.1 21.0 
Minimum 10.7 3.1 4.8 
Maximum 121.1 55.5 73.4 
Standard 
deviation 
33.8 12.6 20.0 
 9 
 10 
 11 
 12 
Table 3.  Emission rate characteristics of surfaces at pond C  1 
 2 
Statistic 
(n = 36) 
Odour emission rate (OU/m2 s) 
Liquor 
control 
pond 
Liquor 
covered 
pond 
Polypropylene 
geofabric & 
polyethylene 
shade cloth 
cover 
Shade cloth 
only 
 
Average 36.3 80.2 18.1 21.5 
Median 29.8 69.8 11.3 22.2 
Minimum 4.8 3.0 3.6 3.3 
Maximum 81.4 181.5 72.3 39.7 
Standard 
deviation 
22.9 53.4 16.5 11.1 
 3 
 4 
Table 4.  Reduction in odour emission rate by pond cover type 5 
 6 
Pond 
Nature of 
comparison 
Comparison 
surface 
Reduction in odour emission rate by 
surface (%) 
Exposed 
liquor 
Polypropylene-
shade cloth  
Shade 
cloth  
Straw 
A Internal 
Exposed 
liquor 
- 77 65 - 
B Internal 
Exposed 
liquor 
- 76 - 66 
C Internal 
Exposed 
liquor 
- 77 73 - 
C External 
Control 
liquor 
-121 50 41 - 
 7 
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 9 
 10 
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Figure captions 2 
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Figure 1.  Comparison of odour emission rates by emitting surface, 6 
pond A, pond B and pond C 7 
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Figure 2.  Comparison of odour emission rates over time by emitting surface, pond A, pond B and pond C 5 
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